Abstract. The effects of various heel elevations on postural adjustment and lower-extremity muscle activity during the squat-to-stand (SQ-ST) movement were investigated. Eight healthy male subjects participated in the experiment, which involved rising from a deep squat with three different heel elevations: a full squat (FS), in which the plantar aspects of the feet were in full contact with the floor (0 degree), slope squat (SS), in which a 15-degree wedge was applied underneath the foot, and tiptoe squat (TS), in which subjects lifted their heels to their preferred height by extending the metatarsophalangeal joint. Electromyograms were taken of the extensor digitorum brevis (EDB), tibialis anterior (TA), rectus femoris (RF), and gastrocnemius (G) muscles. The results showed that heel elevation significantly affected the postural adjustment: TS caused significantly smaller anterior displacement in the knee and the hip during ankle dorsiflexion and minimized the duration of the forward movement required to stand. On the other hand, EDB activity strongly increased in TS. However, use of foot slope appeared to decrease activities of RF, TA, and EDB. These findings suggest that the use of a foot slope to achieve a squat-to-stand movement may be appropriate to assist patients with weak lower-extremity muscles.
INTRODUCTION
In daily life, deep squatting is a common posture for handling objects at ground level such as when harvesting, flooring, sheet cutting or even as a cultural representation. Since the squatting posture is achieved by flexing the hip, the knee and the ankle, lowering the torso between the legs might increase the envelope of reachability at floor level 1) . It has been shown, however, that the task of rising from prolonged deep squatting is mechanically demanding 2) . Because of overflexed joints in the hip, knee and ankle, certain muscles appear to resist the reciprocal activation between agonist and antagonist muscles after prolonged squatting 1) . In the squatting posture, as the knee joints achieve full flexion, the buttocks are allowed to "relax" in the calf region that functions as a seat. The basic mechanism of rising to standing from sitting that has been suggested [3] [4] [5] [6] [7] seems similar to the SQ-ST movement characteristics investigated in the present study. Standing up from a position sitting on a normal chair is relatively easy but the effort of standing up from a deep squatting position in which the knees and the hip joint are at full flexion is obviously more difficult. Strength in the anterior muscles of the lower extremities is especially required during the process of rising to standing from a deep squat; therefore, the goal is to find an optimal method of performing this motion so as to minimize energy consumption and reduce muscle l o a d . U n f o r t u n a t e l y , h o w e v e r , i n -d e p t h investigations of the muscular demands for performing the squat-to-stand (SQ-ST) movement have been few in number. Although the kinematics of sit-to-stand has been investigated 6 ) the contribution of deep flexion of body joints in full squatting to standing has not been subjected to any detailed analysis even though the squatting posture has been addressed in various studies 8) . In the framework of movement cycle analysis, Nuzik et al. 6) proposed that the movement of rising to standing basically consists of two phases: forward movement to generate an anterior momentum (flexion phase) and upward movement to extend the body joint and to achieve balance stabilization (extension phase). Previous studies have reported that rising to standing from a position of 90-degree knee flexion (semi-squat) requires a large amount of quadriceps muscle activity 8) . Although the SQ-ST movement cycle from the semi-squat position to standing has been investigated 8) , the requirements of rising from full knee flexion remain unknown, except for studies which have analyzed the basic movements of human daily activity in the tiptoe posture 5, 9, 10) , in particular those treating foot position as a determinant factor. Foot posture has been considered to contribute to lowering muscle activity and to influence the ability to stand, which is strongly influenced by heel elevation, but this determinant factor has received little attention 3) . Elderly subjects and patients with impaired lower extremities have difficulty in performing the sit-tostand movement [11] [12] [13] , and are assumed to have difficulties performing SQ-ST movement because they lack propelling power during the flexion and extension phases. An inability to rise to a standing position was also found in patients with limited motion envelopes, such as obese or pregnant subjects 14, 15) .
The aim of this study, therefore, was to clarify the effects of varying heel elevations with regard to the floor level on postural adjustment in squatting and on the activity of lower-extremity muscles during SQ-ST movement. Our hypothesis was that changing the heel elevation in the SQ-ST movement would influence postural adjustment and reduce the load on lower-extremity muscles.
METHODS

Subjects
Eight healthy Indonesian males who often perform deep squatting in their daily life were recruited to this study. Data of average age, average height, average weight, average BMI, and average metatarsophalangeal joint angle (the angle between the heel to the metatarsophalangeal head to the floor level) during tiptoe squatting were collected at the beginning of the experiment (Table 1 ). All subjects received an explanation prior to the experiment and gave their written consent before participating in the study.
Experiment protocol and equipment
The deep squatting strategies were divided into three condition tasks on the basis of different heel elevations. Subjects were asked to perform the SQ-ST movement with their arms crossed over their chest, eyes open and feet bare. They rose from positions of a full squat (FS), in which the foot elevation was 0 degree (plantar aspects of feet in full contact with the ground) 1) , a slope squat (SS), in which a 15-degree angle wedge was placed beneath their feet 16) , and a tiptoe squat (TS), in which subjects first rose onto tiptoes, i.e., on the head of metatarsophalangeal joint, and thus had a heel elevation greater than 15 degrees 5) (Fig. 2) . Each task was conducted three times, randomly, with rest periods of 1 min between trials. Muscle activities were recorded for 1 min before rising, during the initial squatting (preparation), for descriptive comparison analysis. All subjects practiced the movements before data collection commenced so that smooth movement sequences at a preferred or natural speed were recorded. Active markers (light-emitting diodes) were attached to various anatomical locations on the subject from the sagittal view. These included the acromion, the great trochanter (hip), the lateral epicondylus (knee), the lateral malleolus (ankle), and the fifth metatarsophalangeal head as body landmark joints 17) . The movements of all markers were recorded by a digital video camera at a sampling rate of 30 Hz. The video data were transformed and processed offline using motion capture analysis software. Kinematics analysis (WINAnalize 1.3 Mikromak GmbH) was used to calculate the angles, the joint displacement, and the duration of the forward and upward movement of each body joint from the marker positions. As illustrated in Figure 1 , three body joint angles were defined as follows: (1) hip joint, the angle between the lines from the acromion to the hip and the hip to the knee; (2) knee joint, the angle between the lines from the hip to the knee and the knee to the ankle; and (3) ankle joint, the angle between the lines from the knee to the ankle and the ankle to the fifth metatarsophalangeal head 17) . Active bipolar surface electrodes (TSD150B with inter-electrode spacing of 20 mm and a band pass filter of 20-500 Hz) were attached over the right side of the lower extremities of the anterior muscles, tibialis anterior (TA), rectus femoris (RF), and extensor digitorum brevis (EDB), which were assumed to be the most active muscles during ankle dorsiflexion, hip flexion, and toe extension with regard to the sagitt al movement. MP150 workstation hardware and AcqKnowledge software (BIOPAC System) were used to amplify and store the electromyography (EMG) signals at a sampling rate of 1000 Hz. As the muscle counteracting ankle dorsiflexion, the gastrocnemius (G) muscle was recorded to observe the value of ankle plantar flexion action. The EMG data were changed to root mean squares and the pattern of muscle activity of the mean values and the standard deviations of the initial and peak activation values were determined.
The parameters of kinematic measurement including the change of the hip, knee, and ankle joints in the initial condition (average angle during preparation), to the maximum flexion and extension (average angle during SQ-ST movement), and the maximum anterior and posterior positions of each joint during SQ-ST movement were calculated. We calculated the relative value of EMG parameters based on the mean values of all the tested conditions. Following a previously reported method, normalized EMG of each muscle activity was derived from calculated as the mean value of EMG divided by the maximum of the mean value appearing in the test condition 18) . The result was converted to a percentage. One-way ANOVA was employed to evaluate the difference between the three squatting strategies using StatView software. Fisher's post hoc test was used as a post hoc test for pair-wise comparison of means. Figure 1 shows typical characteristics of lowerextremity muscle activity in the FS, SS, and TS conditions, showing the onset of activity in each muscle during SQ-ST movement in the flexion and e x t e n s i o n p h a s e s . S t i c k d i a g r a m s o f t h e representative subject reconstructed by the motion analysis program from the five markers placed on the body, are depicted in Fig. 2 . The SQ-ST movement in each squatting strategy shows different postural adjustment corresponding to the total time of the SQ-ST movement. The mean overall duration time remained less than 3 sec in the FS, SS, and TS conditions: respectively, 2.82 sec, 2.49 sec, and 2.36 sec. There were no significant differences between the squatting strategies in the duration of the extension phase of upward movement. Differences emerged during the forward movement, with TS (0.021 sec) taking a significantly shorter time (p<0.05) than FS (0.53 sec). Table 2 shows that the average initial and peak flexion angle of the hip joint significantly increased as the heel elevation increased with SS and ST (p<0.01). A significant decrease in the knee joint angle during initial and maximum flexion occurred when the condition shifted from FS to TS (p<0.05). Although the ankle joint showed a linear decrease in initial and peak flexion when the foot elevation increased, the difference was not significant. No significant difference among squatting strategies was found in the maximum hip, knee and ankle joint extensions, although a small difference was exhibited for the SS condition.
RESULTS
As depicted in Table 3 , when heel elevation increased, the mean anterior displacement of the hip joint was significantly smaller in the SS and ST conditions than in FS (p<0.01). The greatest displacement was observed in the knee and ankle joints, in which posterior displacement dominantly influenced the TS condition in comparison to FS (p<0.01). The anterior movement of the knee and the ankle joint during the flexion phase was observed to be significantly smaller in the TS condition than in FS or SS. The posterior displacement in the ankle joint showed an inconsistent pattern, such that SS had the shortest distance (19.47 mm) while that of TS was significantly larger (54.89 mm) than that of the other conditions (p<0.01).
The EMGs showed that tension in all the muscles reached a peak at the beginning of movement except for EDB in TS, TA in FS, and G in FS (Table  4) . We found significantly smaller activity in all muscles during the initial movement in SS compared to other phases of movement. One effect of heel elevation was found in a difference in peak TA activity between FS and TS (p<0.01) while peak activity of in G showed a significantly opposite effect. ANOVA did not find any significant difference in the peak activities of the EDB and RF muscles. 
DISCUSSION
In the present study, the assessment of kinematics and EMG during SQ-ST movement in normal subjects was clarified. The characteristics of SQ-ST movement found in this study seem to depend on the postural adjustment caused by initial squatting strategies, indicating that the initial condition is critical during SQ-ST rising. In terms of resting position, we used a condition in which the buttocks were allowed to rest on the upper calf region in a deep squatting posture, comparable to sitting on a normal seat. Based on our data, this condition could be improved by changing the heel elevation, which in turn changed the postural load. As described in the subject's physical characteristics, the mean metatarsophalangeal joint angle in the TS condition was 24.31 ± 11.63 degrees, compared to 0° and 15°f or FS and SS; therefore, the increase of heel elevation primarily influenced the postural adjustment and muscle activity required for a stable equilibrium 10) . It took less time to complete the SQ-ST movement in the TS condition than in either FS or SS. However, the period to execute SQ-ST movement was strongly influenced by the time taken in the flexion phase, during which subjects must flex the hip, knee and ankle joints to move forward; in FS, the body's center of mass was transported forward within the feet. As heel elevation increased, the anterior momentum of the trunk was reduced and the forward displacement was shortened; therefore, the total duration of the movement for TS was minimized. This finding suggests that repositioning the heel elevation in preparation for SQ-ST movement could reduce the duration of the forward movement needed to achieve balance equilibrium just before the upward movement. Rising from a lower seat height-in this case the buttocks are lifted off from a portion of the calf region-makes the movement phase more demanding due to the requirement of propelling power to achieve an anterior shift 7, 18) . The effect of a "lower seat height" shown in FS confirmed a previous study's findings that the hip joint positioned in the greatest flexion requires the highest angular velocity to generate propelling power in order to stand 7) . Accordingly, the demands of SQ-ST decreased from FS to TS, which as the heel lifted and the hip joint extended. During vertical push-up, the upward movement is simply determined by the buttocks lifting off at the onset of the knee joint extension. Lifting the heel higher than the FS position is known to shift the center of mass forward and the whole body is adjusted through segmental linkage coordination 5, 10, 13) . When the heel was raised this postural adjustment made stability critical. The TS condition placed the center of pressure within a small area of the base of support (BOS) of the metatarsophalangeal region during preparation, and the BOS length may influence subjects' ability to perform SQ-ST movement 5, 16) . In the action of standing from squatting, the short forward displacement of the knee and the long posterior displacement of the ankle joint in SS and TS suggest that this repositioning may contribute to maintaining the center of mass within the BOS 10) as an important effect of increasing heel elevation. Since the effort to flex the hip was not required to drive the upward propulsive force for TS and SS, the condition of lifted heels on the metatarsophalangeal head was already sufficient to achieve the vertical movement. A large displacement in the extension phase of the ankle joint posteriorly (to 54.89 mm) was found in T S , w h i c h i n d i c a t e d t h a t d u r i n g b a l a n c e stabilization the heel touched down on the floor; therefore, the heel elevation was 0 degrees in the standing position. In the present study, the cycle of SQ-ST movement appeared to be a smooth kinematic sequence of ankle dorsiflexion followed by the extension of the knee and hip joints. This mechanism seems to differ from the sit-to-stand movement from a chair reported in a previous investigation 4) , which showed more discontinuity from the forward to upward movement, the further the location of the center of body mass was behind the BOS. Bringing the body forward from sitting to standing causes a longer forward displacement than in deep squatting to standing and there is a horizontal sliding between the buttocks and the seat.
It was assumed in this study that the sagittal movement primarily influences the SQ-ST movement; therefore, related muscles in the anterior and posterior lower extremities played dominant roles in the forward and backward movement as reported in the sit-to-stand pattern 9, 13) . Performing a full squat put the center of mass behind the BOS; therefore, difficulties in flexing the hip and the ankle joint were related to issues of both muscle strength and the negative effects of being off balance. Lifting the heel to achieve tiptoe squatting contributed to lowering the activity of RF and TA in preparation for the SQ-ST movement. Since the RF is attached to the anterior-inferior iliac spine 19) , the role of RF in the SQ-ST movement was to not only extend the knee joint together with the other quadriceps muscles but also to dominantly flex the hip during the forward movement in the flexion phase. The small increase of RF activity in SS and TS during flexion was probably related to stabilizing the pelvis to avoid excessive hip flexion and helped in the stability of the ankle. In comparison, the FS condition required a large amount of hip flexion, so the tension of the RF muscle was highest under this condition. Since the action of anterior movement control in the TA was shifted in SS, the muscle activity decreased in both its initial and peak activity. Previous authors have reported that during anterior movement in the flexion phase, the plantar flexor is inhibited and the TA is activated 19) . In the present study, the highest mean TA activity, about 75.5% in FS, was directed to ankle dorsiflexion to simultaneously position the body anteriorly as the center of mass moved forward over the feet and counteracted the high risk of falling forward 9, 13) . According to the findings, the tiptoe squat required higher muscular effort in the EDB. In this condition, all flexors and the toe extensor are involved in active heel elevation and stabilization of the hind-foot. The role of controlling the anterior-posterior direction, which is performed by TA in FS, shifted to the EDB in the TS condition. During the vertical push-off to begin t h e e x t e n s i o n p h a s e , t h e s m a l l e s t metatarsophalangeal joint angle is required; therefore, the EDB was exerted to its maximum strength (Table 4) . By elevating the foot, the balance adjustment was no longer controlled through the ankle dorsiflexion and plantarflexion muscles; the balance control was shifted to the EDB through the extension of the toes counteracted by the toe flexor muscles in the plantar feet. This finding suggests that elevating the heel into the tiptoe squat condition shifted the site of whole-body center rotation from the ankle to the first metatarsophalangeal head and increased the EDB muscle load. For those who suffer from impaired muscle strength in the long toe extensor, TS is probably the most difficult squatting strategy to perform. According to Table 4 , our findings indicate that TS altered the squatting strategy to lower the loads on the anterior muscles of RF and TA while compensating though the EDB, increasing its activity to more than 3 times that in the FS condition. In the present study, we found that raising the heel for TS resulted in lowering the TA to about 34% and the RF to 18% of that in FS. However, only 15 degrees of foot slope contributed to maintaining lower EDB activity in the SS condition. Overall, our data suggest that the FS squatting strategy requires significant TA strength in the flexion phase and the TS strategy requires very high EDB tension in the initial stage; the activities of either of these muscles in the respective conditions is greater than that shown in the SS condition.
Regarding the dynamic movement required to stand, the peak activity of the lower-extremity muscles occurred during maximum flexion of the hip joint, dorsiflexion and plantarflexion of the ankle joint, and toe extension. As a multi-linked segmental coordination controlled by the lowerextremity muscles, an elevated heel allows the body to extend itself without the need of a forward propulsion force because the center of pressure is a l r e a d y l o c a t e d w i t h i n t h e a r e a o f t h e metatarsophalangeal head. The peak TA activity occurring in FS during forward movement was the cause of the maximum ankle dorsiflexion during the flexion phase while the peak TA activity in TS occurred during preparation just before movement onset, earlier than in FS. Postural adjustment in TS causes the thigh to be almost-parallel to the floor during lifting the heel, and the effect of ankle dorsiflexion on TA in the TS condition was significantly lower, "about", so precision is not required of that in FS. The decrease of peak TA activity was opposite to the trend of the plantar flexion effect exerted by the G muscle, an observation which has been reported previously 19) .
The increase of G activity as foot elevation increased suggests that the great activity of the G muscle reflects the postural adjustment in TS to counteract the high risk of falling forward; therefore, G strengthened into high tension and probably helped to provide stability to the ankle joint. G activity acted opposite to the activity of TA, and had a much higher activity in TS. The decrease of TA and RF activity during the elevation is then considered as a good indication of muscle activity for the SQ-ST movement. However, elevating the heel reduced the anterior lowerextremity muscle activity, which in SS resulted in an optimal condition for SQ-ST movement, much better than the other squatting strategies in the initial condition. In this situation, SS represented the most meaningful way to reduce SQ-ST movement duration and muscle activity response, which tended to be less compared to the responses in TS and FS. The opportunity to propel power through the hip joint in the flexion phase to generate forward momentum contributes to a smooth transition phase between the forward and upward movement and is followed by bringing certain body segments to the most approriate position for movement execution without excessive waste of energy or loss of balance 16) . Postural adjustment shown in the deep squatting positions acts as a supporting structure; therefore, proper technique is critical. In this condition, it is suggested that appropriate postural preparation is required before SQ-ST movement onset. A prolonged period of full squatting, however, weakens the muscles that extend the hip, knee, and ankle joints during SQ-ST movement, even though the posture is one of relaxation 1) . According to the findings, standing from deep squatting may be impossible for those who lack lower-extremity muscle strength; the initial transfer of body weight onto the toes cannot be achieved due to loss of strength in the quadriceps and ankle flexor muscles 20) . The application of optimal squatting strategies might help to some extent in this regard. The result of the present investigation suggests that elevating the heel in preparation for SQ-ST movement tended to increase the hip angle, adjust the thighs to an angle almost parallel to the floor, lowers the load on TA and RF muscles, and brings the center of mass toward the metatarsophalangeal head. Overall, our findings demonstrate that the application of the 15-degree foot slope decreased lower-extremity muscle activity, especially in the flexion phase in the onset of SQ-ST movement, and resulted in shortening the duration of the SQ-ST movement. In some cases, the use of foot slope might be beneficial for patients who suffer from weakness or impairment of anterior lower-extremity muscle strength. Our study has some limitations. The small sample of volunteers in this study may have influenced the outcome. Certainly, studies with larger sample sizes are required to determine the clinical utility of the investigation of SQ-ST movement.
